Abstract. Mass estimates, based on scaling relationships, are presented of central black holes in luminous quasars at a range of redshifts (z < 0.5, 1.2
Introduction
Recent advances that allow virial black-hole masses in nearby quiescent and active galaxies to be measured have opened a new era: with mass measurements we can address issues of the physics of black-hole evolution and its connection with galaxy evolution. Some obvious first questions to ask are what is the typical mass of black holes in AGNs at high redshift, and is this different from those of lower-z AGNs? Also, does the typical mass of luminous quasars change beyond the redshift (z ≈ 3) at which the co-moving space density of quasars drops dramatically? A study addressing these issues (Vestergaard 2004 , hereafter Paper I) is summarized below.
Mass Estimates
As summarized by Vestergaard at this meeting, obtaining direct virial blackhole mass (M BH ) measurements of large samples of distant quasars is very timeconsuming and is, hence, impractical. Instead, M BH estimates can be more easily obtained with scaling relationships and measurements of broad-line width and continuum luminosity in a single-epoch UV or optical spectrum (e.g., Wandel, Peterson, & Malkan 1999; Vestergaard 2002; McLure & Jarvis 2002) . The mass estimates presented here were obtained with such scaling relationships (Paper I).
But is it reasonable to assume that scaling relations, even those based on high-ionization lines, are valid for all AGNs and quasars? While the efficacy of the scaling relations is discussed in more detail in Paper I, a few key points are worth emphasizing here. From the demonstrated virial relationships Onken & Peterson 2002) for the broad emission lines, including the high-ionization lines, we know that for a given object the distance to the line-emitting gas and its velocity dispersion each scale between the emission lines:
, where τ is the light travel time delay between the variations in the ionizing continuum and responding line emission. Therefore, any broad emission-line width (for which the virial relationship holds) can be used as a measure of the velocity dispersion, v(line), Distribution of black-hole mass, M BH , with redshift is shown binned in (a) bolometric luminosity, L bol , and in (b) the Eddington luminosity ratio, L bol /L Edd , of the samples described in § 3. Errorbars are omitted for clarity. The dominant uncertainty is the statistical uncertainty in the scaling relations of a factor 2.5 to 3 relative to the reverberation mapping to which the scaling relations are calibrated.
at the distance of this line-emitting gas, R(line) = cτ (line). In addition, since all four AGNs that can be tested exhibit this virial relationship, it is fair to assume it is universal in spite of the small number of AGNs on which this conclusion is based. Moreover, for the reasonable assumption that the broad-line region is photoionized one can show that if the radius -luminosity relationship did not apply to the luminous and high-redshift quasars, then their spectra would look very different than they actually do: composite quasar spectra grouped by luminosity and redshift are surprisingly similar at least up to redshifts of ∼4.5 (e.g., Dietrich et al. 2002) . Also, the application of the radius -luminosity relation to the most luminous (high-redshift) quasars is only an extrapolation of at most 1.5 dex beyond the luminosity range of 4 dex over which the relationship is defined (Kaspi et al. 2000) . Thus, there are no immediate concerns that the radius -luminosity relationship should not apply to typical luminous, distant quasars as well. Figure 1 shows the distribution of estimated M BH values for several samples of quasars: 87 objects from the Bright Quasar Survey at z ≤ 0.5, a sample of 1.5 < z < ∼ 3.5 quasars, and recently published samples of z ≈ 4 quasars, including SDSS EDR data (e.g., Anderson et al. 2001; Fan et al. 2001; Constantin et al. 2002) . A cosmology with H 0 = 75 km s −1 Mpc −1 , q 0 = 0.5, and Λ = 0 is used. The reader is referred to Paper I for further details. For these samples Figure 2a shows the distributions of the bolometric luminosities, L bol , determined by applying bolometric correction factors to measured monochromatic continuum luminosities. The lower envelopes in both the L bol and M BH values are due to the flux limits in the sample selection or in the original surveys. displays the redshift distribution of the Eddington luminosity ratio of the samples. However, the uncertainty in the L bol /L Edd values is significant ( > ∼0.7 dex) due to the need to apply an average bolometric correction to obtain L bol and due to the accuracy of the M BH estimates (1σ error is ∼0.5 dex relative to reverberation masses). The observed range in L bol /L Edd values is the result of selection flux limits (lower envelope) and the combination of a minimum line-width adopted (∼2000 km/s) to identify quasars and the observed upper L bol envelope. Nonetheless, these crude L bol /L Edd estimates show that massive, high-z quasars have Eddington ratios of order 0.1 − 1.0, as commonly expected, as opposed to super-Eddington or highly sub-Eddington ratios. The main conclusions are:
Black-Hole Masses of Distant, Luminous Quasars
• Distant, luminous quasars have very massive black holes, even at the highest redshifts. In other words, black holes with very large masses, M BH ≈ 10 9 M ⊙ , exist at large redshifts -beyond the space density drop at z ≈ 3 and even as early as z ≈ 6.
• There appears to be a real physical ceiling of M BH ≈ 10 10 M ⊙ and L bol ≈ 10 48 ergs s −1 . This is partly owing to the steep cutoff in the upper end of the luminosity (and mass) function. In addition, this may signify a maximum sustainable mass and luminosity.
• The early appearance of supermassive black holes suggests that they form early or fast. In fact, they may even form faster than the stars in the host galaxy as suggested by studies of high-z host galaxies (see below).
The notion that active massive black holes at high-z may reside in relatively young galaxies is based on largely circumstantial evidence that host galaxies of AGNs at z > ∼3 do not typically appear fully formed or have old stellar populations (see Paper I for a more detailed discussion): (a) the presence of large masses of cold molecular gas in high-z hosts (i.e., significant fuel exists for future star formation) which for some high-z sources are clearly separated from the AGN nucleus or is distinctly extended (e.g., Ohta et al. 1996; Papadopoulos et al. 2000; Carilli et al. 2002 Carilli et al. , 2003 , (b) inferred high star-formation rates from the far-IR luminosities in high-z AGNs (e.g., Carilli et al. 2001 Carilli et al. , 2003 Omont et al. 2001) , (c) the presence of large-scale young stellar populations confirmed in at least one well-studied z ≈ 4 radio galaxy with high far-IR luminosity, 4C 41.17 (e.g., Dey et al. 1997) , (d) the strikingly different morphology of host galaxies of high-z radio-quiet quasars and radio galaxies compared to their lower-z cousins: radio galaxies exhibit multiple components embedded in large-scale diffuse emission indicative of non-relaxed systems in the process of forming (e.g., van Breugel et al. 1998 ) while radio-quiet quasars appear to have smaller scale-lengths and a fraction of their final stellar mass (e.g., Ridgway et al. 2001; Papovich et al. 2001) , and (e) the presence of massive, active black holes (∼ 10 8 M ⊙ ; marked 'LBG-AGN' in Figures 1 and 2 ) in Lyman-break galaxies at z ≥ 3; these are typically small, young starforming galaxies (Steidel et al. 2002) . Rix et al. (2001) and Omont et al. (2001) provide independent arguments in favor of a faster build-up of black-hole mass compared to the stellar mass in high-z host galaxies.
